Abstract.-Simultaneous formation of the adenylates of the 18 amino acids common to protein, followed by cocondensation, has yielded polymers containing all of those amino acids. The condensation occurred rapidly at room temperature above pH 7. The activated amino acids were reacted with thermally synthesized polyanhydro-a-amino acids to yield polymers of substantially increased size. The modified polyamino acids form micron-sized particles which demonstrate internal synthesis by growth and budding. These particles are stable over a wide range of pH.
The experiments described herein were conducted to explain how protein synthesis might have developed within a protocell. Experiments suggesting a terrestrial thermal synthesis of prebiotic protein and describing the self-assembly of that polymer into a model of a replicating protocell have been documented in detail. 1 The replicative behavior of the model referred to is "heterotrophic."2 While the concept of an initial heterotroph is in accord with the analyses of theoretical abiogeneticists,3 salient differences between our model and typical contemporary cells have been easily identified.4 These differences consist especially of the absence of internal synthesis of biopolymers and of a coded relationship between nucleic acids and proteins or their evolutionary precursors. 4 The absence of a need for nucleic acids5 as a source of information for the first protein and the protocell has been documented.6'7 The necessary information could be, according to experimental results, derived from the precursor amino acids in the environment.1'
One intermediate deserving investigation in the context of the evolution of protein biosynthesis is the amino acid adenylate.8 Accordingly, condensation of amino acid adenylates has been investigated in this laboratory. The condensation that has been studied is, of course, a considerable simplification of the DNA-RNA system operative contemporaneously. Simultaneous production of the adenylates of the 18 amino acids common to protein was examined for evolutionary reasons presented elsewhere.9 This was accomplished in two ways. In one of these, several carbobenzoxyamino acids were prepared and simultaneously condensed with adenylic acid through the use 399 of DCCD (N,Nq'-dicyclohexylcarbodiimide). 10 The employment of DCCD directly on amino acids and AMP by the method of Berg1' proved to be feasible simultaneously for all of the amino acids ill some of the product (with however low proportions of tyrosine). While individual adenlylates have been condensed,"1-"3 no report on cocondensation has been found in the literature.
The production of proteinoids (octadecatonic to eicotonic polyanhydroamino acids) has been accomplished by direct thermal condensation of free amino acids', 4and by condensation of the N-carboxy amino acid anhydrides." Each of these processes has its own applications. The demonstration reported in this paper adds a third route to heteropolymers of 18 In the reaction without proteinoid present, the liquid was filtered, dialyzed against distilled water, and lyophilized.
When the adenylates were used to modify the thermal proteinoids, essentially the same reaction was carried out, except that 500 mg of lysine-rich proteinoid'6 (a gift of Mr. David Joseph), or 400 mg of neutral proteinoid (a gift of Dr. Atsushi Yuki), or 400 mg of acidic 2:2: 1-proteinoid'7 (a gift of Mr. R. J. McCauley), or a mixture of 320 mg of acidic proteinoid with 80 mg of basic lysine-rich proteinoid was added to the solution with the adenylate mixture. Each reaction was terminated in 1 hr.
The solution, in some cases with suspended particles, was dialyzed against distilled water in the coldroom for 3 days. Each of the adenylate-modified proteinoids was lyophilized to a canary-yellow powder; the neutral proteinoid product was light gray.
BIOCHEMISTRY: KRAMP1TZ AND FOX
In a control experiment which differed from the one using all amino acids alone only in the omission of AMP, no reaction with DCCD was observed. When GMP was substituted for AMP, no reaction occurred.
For analysis of each hydrolysate in the usual way,18 10 mg of sample was dried in an Abderhalden pistol at 1000 for 5 hr. In some cases, the polymer was first purified by precipitation with ammonium sulfate or by the adjustment of pH to the isoelectric point.
Poly-L-aspartic acid was purchased from Mann Research Labs and was reported as having a mean mol wt of 36,000.
Molecular sieving of polymers on Sephadex: To estimate roughly the range of the molecular size, dialyzed modified proteinoid was chromatographed on 1.4 X 30-cm columns with 0.075 M phosphate buffer, pH 5.1, 0.2 M acetic acid, or water as follows:
Sephadex G-25 (water regain 2.5 gm/gm, particle size 100-300 ,u), Sephadex G-50 (water regain 5.0 gm/gm, particle size 100-300 u), Sephadex G-75 (water regain 7.5 gm/gm, particle size 40-120 1A), and Sephadex G-100 (water regain 10 gm/gm, particle size 40-120 p). Of each polymer preparation, 10 mg was placed on the column. The flow rate was 30 ml/hr. Blue Dextran 2000 was used as a marker for the exclusion limit. The tracings were made at 260 mA with a Gilson Medical Electronics device in connection with a Recti-Riter (Texas Instruments, Inc.) automatic recording device.
For preparative purposes 4.5 X 35-cm columns with 0.2 M acetic acid or water as eluents were used. The columns were loaded with 100 mg of polymer preparation. The flow rate was 30 ml/hr; 3.0-ml fractions were collected. The results of chromatography were recorded with the same equipment.
Peptic hydrolysis of modified proteinoid: 20 mg of Pepsin (2 X crystallized from ethanol) (Worthington Biochemical Corp., Freehold, N. J., lot no. PM 686), was suspended in 2 ml of 0.2 N Na-citrate buffer, pH 2.2. The suspension was filtered and yielded a clear solution.
Modified proteinoid, 10 mg, was suspended individually in 0.2 ml of the 0.2 N sodium citrate buffer, pH 2.2; and 100 Al of the enzyme solution as well as a few drops of toluene were added. The samples were incubated for 20 hr at 37.5°. Polymers without pepsin and pepsin without proteinoid, incubated for 20 hr, were the controls.
The total amount of each sample was spotted on Whatman 3 MM chromatographic paper. The chromatograms were run in butanol-1:acetic acid:water (120:30:50). The fragment positions were localized with ninhydrin spray.
Results and Discussion.-The first experiment was performed with the four amino acids described as adenylates by Berg ." The analysis of the product hydrolyzed in 6 N HCl is shown in Table 1 .
As Table 2 shows, virtually all the amino acids are present in a fraction of a small polymer formed when the mixed adenylates are brought together in aqueous solution without "priming" by proteinoid or other polymers. Those missing are tryptophan and cystine. Cystine was not included in the reaction. The presence of tryptophan was shown in this polymer and in modified poly-Laspartic acid by positive Hopkins-Cole color tests. The similarity in composition of the mixed adenylate product with that of an average protein can be The neutral proteinoid listed in Table 3 was made to resemble histone compositionally14 and accordingly lacks benzenoid and sulfur-containing amino acids. Consequently, the presence'of such amino acids in the adenylate-modified polymer is qualitative proof that these amino acids have been coupled. The results shown in the last column of Table 3 demonstrate that coupling occurs to poly-L-aspartic acid. Table 4 indicates the degree of coupling of amino acids through the adenylates, the latter having been prepared from C14-amino acids. Also indicated are the approximate increases in molecular weight for the main fractions estimated by exclusion from Sephadex columns.
One aspect of these results is the increase in molecular weight of the polymer from adenylates condensed in the absence of proteinoid to the value obtained in its presence. The resultant polymer is much higher in molecular weight than the proteinoid and many times as large as the polymer produced without a "core" proteinoid. As has been pointed out,' one may not expect substantial yields of large peptides from free amino acids in dilute aqueous solutions unless the reaction is appropriately coupled. If energy is provided through a phosphate mechanism, for example, reversion to small molecules from intermediate mixed ones would also be expected, unless the adenylic-containing product itself has an effect. Aside from initially overcoming the energy barrier by using hypo- Lysine-rich proteinoid (a) Acidic proteinoid (b) "Mixed" proteinoid (4b: la) Neutral proteinoid Poly-a-aspartic acidt Molecular weights of modified/ unmodified proteinoid 30, 000/(6, 000-8,000) (6, 000-8, 000)/(4, 000-6, 000) 120, 000/(6, 000-8, 000) (10, 000-12,000)/(3,000-6, 000) * Molecular weights are for principal components. They are apparent values and include the usual simplifying assumptions regarding size and shape. t Modified polymer too insoluble for determination.
hydrous conditions, lowering the barrier by separation of charges has been proposed. '9 In other words, formation of new peptide bonds should proceed with more thermodynamic ease when they are produced from larger peptides than from amino acids. Moreover, nondissolved particles (turbidity) appear at the beginning of the reaction; synthesis is thus probably not a solution process. The effects of size of "core" or being out of solution, or both, may be crucial to the synthesis of large polymers.
The small size of the polymers obtained in the absence of core proteinoid is consistent with the size of the oligopeptides recorded by A. Katchalsky and coworkers'2 '3 as arising from proline adenylate or alanine adenylate.
A qualitative assessment of linear bonding of the amino acids coupled to proteinoid is indicated chromatographically by the formation of five major fragamino acids into polymers through amino-C'4-Radioactive amino acids/ 2 amino acids 15 3 25 6 25 meints due to peptic activity on adenylate-modified lysine-rich proteinoid (compare Table 4 ).
The kind of microscopic unit which organized spontaneously from the initially clear reaction solution is shown in Figure 1 . No organized microparticles resulted from condensation of the four amino acids in the experiment of Table 1 .
The microspheres which form from adenylates and thermal proteinoid are known to have some properties in common with those that form from thermal proteinoid alone. They form buds, for instance, and the buds are capable of growing by accretion. Also evident is the fact that the two kinds of microsphere have different properties. Notably, the adenylate-modified proteinoid microspheres are formed at pH 9 and are not soluble at that pH. This stability may reflect a complexing with nucleic material such as had been observed in other structures20 to confer stability at high pH.
.JiL Figure 1 demonstrates that the microspheres from adenylate-modified proteinoid have the ability to bud and may thus be able to participate in a propagative cycle such as has been documented for the thermal proteinoid.
Any consideration of the spontaneous origin of contemporary protein according to the model presented needs to take into account, the possibility of the origins of amino acid adenylates themselves. Experimental demonstration of a sequence of steps relevant! to geochemical conditions is as yet only partial. Routes for the spontaneous synthesis of adenine have been demonstrated by Or6, and by Ponnamperuma et al. 21 Ribose is a component of "formose."22 The situation with respect to adenosine is unclear.23 Adenosine is phosphorylated in substantial yield by polyphosphate to yield AMP and ATP. 24 The use of DCCD calls to mind reports on the structurally related cyanamide and dicyandiamide as models of prebiotic condensing agents.25 However, the model described here is in many respects, such as in its associated structures, more contemporary; accordingly, an enzymic type of amino acid adenylate formation is sought.
Other needs for further contemporarization of the model besides an amino acid-activating system include an ATP-synthetase mechanism, a polymerase, and a ribosomal type of structure participating in coding. An approach to models for the ribosomal structure and coding has been described in part.20' 26 A number of kinds of enzymic activity have been found in thermal proteinoid' I such that a search for ATP synthetase, activation, and polymerase activities among thermal proteinoids and adenylate-modified proteinoids is timely. Also relevant are the arguments for primitive nontemplate synthesis of polypeptides presented by Lipmann.27 Experiments with the thermal polymers have provided, in principle. the first answers to such questions as the following: How did enzymes arise in the absence of enzymes to make them, how did cells appear with no parental cells, how did membranes arise? How did systematic macromolecular information arise (from diverse monomers) in the absence of coded macromolecules? How did self-replication of Microsystems begin?2 The answers to all these questions relate to the same kind of thermal polymer, which could arise quickly, easily, and often.1' 4, 7 The amino acid adenylate experiments described here begin to provide answers that extend the evolutionary model or provide, in part, a second set of explanations. To what degree the adenylate model can be independent of "core" proteinoids is yet to be determined. The evaluation of this possibility requires more data on the properties of the condensation polymers, on particles arising therefrom, and on how amino acid adenylates might arise. In at least one respect the adenylate microspheres have superior properties; they form microparticles which are stable at the higher pH values such as 9.0.
Both the thermal proteinoids and the adenylate-derived proteinoids help to demonstrate how primordial systems could have arisen in the absence of parental or ancestral systems on a lifeless Earth.
